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ABSTRACT
Genetic assessment of lake sturgeon stocking practices in two Lake Superior tributaries
Mary Akers
Lake sturgeon were extirpated throughout much of their historic range in the early 1900s due to
overharvest, habitat degradation, and reduced water quality. Interagency management plans have
worked to identify historic locations and remnant populations suitable for stocking and habitat
remediation to rebuild self-sustaining populations of lake sturgeon within their historic range. The St.
Louis River population was extirpated in the early 1900s until lake sturgeon were stocked from 19832000 from two different source populations (Wolf River, Sturgeon River). Natural reproduction was
confirmed in 2011 and F1 generation larvae were collected in 2017 (n = 41) and 2019 (n = 51). Genetic
assignment testing using 12 microsatellite loci identified first generation Wolf River and Sturgeon River
offspring. However, the offspring sampled were produced by a small number of adult spawners (2017:
Nb = 15 95% CI 9-31 and 2019: Nb = 16 95% CI 9-31) and had reduced allelic richness when compared to
Wolf River individuals (p < 0.05), indicating the founder effect has limited genetic diversity within the
first years of reproduction. Lake sturgeon have been stocked at the Ontonagon River since 1998. In
2017, a total of 759 lake sturgeon were stocked in the Ontonagon River. Of these offspring, 84 were
produced via partial factorial mating from gamete collections of Sturgeon River fish; the remaining 675
offspring were naturally produced larvae collected from the Sturgeon River. The family group had
unequal paternal representation (χ2=50.05; p = 4.7x10-9; df = 4) and decreased genetic diversity in
contrast to the stocked naturally produced larvae that had high estimated number of breeders.
Additional familial relationships were identified between the lake sturgeon produced via gamete
collections and wild caught naturally produced larvae. These results evaluate the effectiveness of
different stocking projects and methods across the Lake Superior basin to inform ongoing management
plans and retain high levels of genetic diversity in stocked populations.
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Chapter 1: Literature Review
The sturgeon family Acipenseridae was first noted in the fossil record during the late Triassic
about 200-250 mya and today includes 27 species of fish (Du et al., 2020; Peterson et al., 2007). North
America has eight species, but only lake sturgeon (Acipenser fulvescens) is potamadromous, native to
the freshwater drainages of the Laurentian Great Lakes as well as the St. Lawrence River, Hudson Bay,
and Mississippian drainages (Barth et al., 2009; Bruch et al., 2016). Today lake sturgeon numbers are
greatly reduced throughout their distribution. In the United States, lake sturgeon are listed as
endangered or threatened in 19 states, but no federal regulations are provided (Auer, 1999; Aadland et
al., 2005). Canada has divided lake sturgeon populations into four designatable units; two units are
endangered, and the remaining units are threatened and of special concern (COSEWIC assessment,
2017).
Throughout the 19th and 20th century, human-environment interactions changed habitat across
the Great Lakes by altering water conditions including flow rate and turbidity. These actions decreased
habitat and spawning suitability for lake sturgeon and contributed to declines in populations throughout
the Great Lakes (DeHaan et al., 2006). While habitat alteration and degradation is a significant threat to
biodiversity (Wilcove et al., 1998) and certainly contributed to population decline, the foremost reason
lake sturgeon are threatened is from historical overharvest (Bruch et al., 2016). Habitat restoration
projects in the last few decades have improved conditions considerably and lake sturgeon populations in
some areas are beginning to show signs of recovery; in other cases, additional measures are required.
In the 1800s, lake sturgeon were widely abundant and considered nuisance fish by most
fishermen until the demand for sturgeon caviar increased in the 1860s (Peterson et al., 2007). This was a
crucial period for lake sturgeon as demand continued to increase, populations quickly declined. Lake
Superior’s historical biomass was estimated at 314,000 kg (95% CI: 241,000-590,000kg) (Bruch et al.,
2016); populations today are estimated to be ~1% of historic levels (Galarowicz, 2003). This rapid
1

decline within the span of approximately 5-6 generations has created the need for additional
environmental protections, habitat rehabilitation, and stocking of young at historic spawning locations if
deemed necessary.
Lake sturgeon dispersed to the Great Lakes following the disappearance of ice sheets from the
last glacial period approximately 15,000 years ago (Underhill, 1986). These dispersal routes from nonglaciated regions are one of the reasons for high genetic differentiation of today’s populations (Welsh et
al., 2008). Lake sturgeon are known to move throughout the major basins of the Laurentian Great Lakes
(DeHaan et al., 2006). Yet these lineages have persisted today because of natal fidelity, when adult lake
sturgeon return to their streams of origin to spawn (Lyons and Kempinger, 1992). High genetic diversity
is found between lake sturgeon populations with the greatest diversity in Lake Superior and Lake Huron
populations (DeHaan et al., 2006; Welsh et al., 2008). However, Lake Superior populations
disproportionately contribute to overall genetic diversity of lake sturgeon due to divergent allele
frequencies and the presence of unique mtDNA haplotypes (DeHaan et al., 2006). In Lake Superior, the
high genetic differentiation observed in populations along the southern shore is attributed to diverse
dispersal routes from multiple glacial refugia preserved by spawning site fidelity (Mandrak and
Crossman, 1992; Welsh et al., 2008).
Bayesian analysis has identified three genetic clusters of lake sturgeon within the Hudson Baynorthern Lake Superior, southern Lake Superior, and the rest of the Great Lakes (Welsh et al., 2008).
Studies have shown lake sturgeon today have retained high genetic diversity; however if population
numbers remain low, genetic drift may have a large effect on remaining diversity (DeHaan et al., 2006).
In locations where intervention is deemed necessary to restore populations, lake sturgeon can be
stocked to increase population numbers. One important consideration before stocking occurs is to
determine that stocking will not negatively affect the genetic diversity of the population in question. In
situations where stocking will build a new population, steps must be taken to ensure the genetic
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makeup of the population is as close to the historic population as possible in terms of historic lineage,
presence of locally adapted alleles, and maximizing genetic diversity throughout the stocking process
(Welsh et al., 2010).
Effective population size (Ne) is an important stocking metric for managers as it tracks changes in
diversity due to changing allele frequencies and inbreeding. Effective population size is the number of
individuals in an ideal population with equal magnitudes of genetic drift and inbreeding (Wright, 1931).
A minimum Ne of 500 is recommended to ensure long-term evolutionary potential and sufficient initial
genetic diversity to sustain the new population (Franklin, 1980). Surveys to estimate census population
size (Nc) and genetic analysis to estimate Ne are important tools to track population recovery progress.
Two life history traits, age at maturity and lifespan, have a large influence on the ratio of effective
population size to census population size (Ne/Nc) and the number of breeders (Nb) to census population
size (Nb/Nc) respectively (Waples et al., 2013). For iteroparous species, like lake sturgeon, N b/Ne ratios
are often greater than 1. This effect has been documented in lake sturgeon of the Kaministiquia River.
Larval cohorts across multiple years had a high Nb relative to the Ne of the adult population (Welsh et al.,
2015). Individual mortality at later life stages is expected to increase the observed variance in family
sizes and reduce Nb of each cohort to approach population Ne.
Long term stocking projects can have unintended effects on the genetic diversity of the stocked
population. In populations of lake sturgeon and pallid sturgeon (Scaphirhynchus albus), stocking over
multiple years decreased the ratio of Ne:Nc (Saltzgiver et al., 2012; Welsh and Jackson, 2014). This
decrease can lead to reduced genetic diversity most likely attributed to variance in family sizes of
stocked individuals. Releasing large numbers of related offspring can increase inbreeding depression and
decrease the effective population size. The Rymain-Laikre Effect describes the negative effects of these
stocking practices where a gain in the total number of offspring stocked is accompanied by an overall
decrease in genetic diversity and Ne (Ryman and Laikre, 1991). To avoid the Ryman-Laikre effect, the
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ratio of census to effective population size (Nc:Ne) should be close to one. To mitigate this, family sizes
should be equalized within and across stocked cohorts (Welsh and Jackson, 2014).
Alternatively, larval collections from a donor population are also suitable for stocking projects.
Larvae are optimal to reduce the risk of straying (Welsh et al., 2010). Yearly larval collections of offspring
bring in unknown number of parents/breeders. Past multi-year parentage studies of larval lake sturgeon
have shown a high variation in the number of mates, with the males averaging 1.76-6.76 and females
3.09-15.08 mates (Duong et al., 2013). In either situation, the number of collected larvae or eggs should
not exceed what is necessary for the stocking program and should be less than 10% of the total yield
(Welsh et al., 2010). Lake sturgeon genetic stocking guidelines recommend a partial factorial design for
stocking situations where eggs and sperm are collected from adults at the donor population’s spawning
grounds (Welsh et al., 2010). In this setup, each female’s eggs are mated with a subset of available
males. This design theoretically reduces variance in family sizes, increases genetic diversity, and
increases Ne.
A partial factorial mating design is recommended for lake sturgeon populations for many
reasons. Lake sturgeon at spawning grounds often have unequal sex ratios skewed to more male adult
fish due to a shortened spawning interval (Duong et al., 2013). A partial factorial mating design opens
the parental mating matrix to incorporate multiple male pairings to the same female and includes these
additional males into the cohort gene pool. When compared to a full factorial mating strategy, this
polyandrous strategy increases Nb, while decreasing the relatedness among the offspring observed in
full factorial mating (Busack and Knudsen, 2007; Miller and Kapuscinski, 2003). Monte Carlo simulations
were used to quantify the effects of mating matrix designs on Nb and offspring relatedness and found
that reducing variance in family size is an important key to maximize N b (Busack and Knudsen, 2007).
Equalizing family sizes will reduce the total number of offspring produced but will reduce the loss of
genetic diversity that accompanies the Ryman-Laikre effect (Ryman and Laikre, 1991).
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Relatedness between offspring should be minimized to build a genetically diverse population.
Offspring relatedness was highest among the offspring raised from collected eggs, with the second being
direct gamete collection (Crossman et al., 2011). Inbreeding depression can decrease fitness as
evidenced when hatchery-produced inbred Atlantic salmon (Salmo solar) and Pacific salmon
(Oncorhynchus spp.) had decreased survival compared to non-inbred fish (Ryman, 1970). Inbreeding can
occur in generations beyond the initial hatchery pairings, with the chance of closely related offspring
mating in the future increasing as the number of closely related offspring released increases. Additional
lake sturgeon studies have shown that multiple spawning events can increase the genetic diversity of
the yearly cohort due to a decrease in the relatedness of the offspring (Welsh et al., 2015). Egg stage
and larval stage collections could be influenced by multiple spawning events; however, lake sturgeon
produced in the hatchery from gamete collection would be unaffected if gamete collection occurred
within the same spawning event. These findings demonstrate the influence of the rearing method used
on the genetic diversity of the new population.
Lake sturgeon have been stocked in multiple locations throughout the Great Lakes including
Lake Superior to rebuild locally extirpated spawning populations. Of the 21 tributaries that historically
had spawning populations, only ten tributaries have naturally reproducing lake sturgeon populations
including the St. Louis River (Schloesser and Quinlan, 2019) (Figure 1.1). This population was extirpated
in the early 1900s and rebuilt by stocking from 1983-2000 using varying larval stages (Schram et al.,
1999). Primarily fingerlings and fry were stocked to increase the probability the larvae would return to
the correct spawning location after maturing. Stocking of lake sturgeon into the St. Louis River occurred
from 1983-1994, resumed in 1998 and ended in 2000. The first phase stocked lake sturgeon individuals
sourced from the Wolf River (Lake Michigan) and the second phase stocked Sturgeon River (Lake
Superior) fish. Natural reproduction was confirmed in 2011, but the genetic composition of the
population is unknown as lake sturgeon were stocked from the two different sources. Larval drift were
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collected in 2017 (n = 41) and 2019 (n = 51) for genetic analysis to determine the number of contributing
spawners and to identify the stocking source of each collected larvae.
Another Lake Superior tributary, the Ontonagon River (Figure 1.1), has an ongoing stocking
project that started in 1998 (Auer, 2003). The Ontonagon River was stocked from gametes collected in
the Sturgeon River from 1998-2002, 2004, 2007-2008, and 2010. From 2013-present, gametes were
harvested from adults at the Sturgeon River spawning area to raise the resulting larvae in a streamside
rearing trailer. These gametes were mated using the partial factorial mating design and all half siblings
were raised within the same tank. In years of low gamete collection, larval lake sturgeon were collected
and reared in separate tanks in the same streamside rearing trailer.
Fin clips were collected from all offspring and parents used for the stocking project in 2018 for
genetic analysis. In 2018, gametes and fin clips were collected from 3 females and 15 males and mated
in a ratio of 1 female : 5 males. Due to low survivorship during the egg rearing process, additional larval
drift lake sturgeon were collected at the Sturgeon River and raised in the hatchery until time of release
when 675 naturally produced and 84 hatchery produced offspring were stocked. Genetic analysis of
these fish will determine if paternal representation of hatchery produced lake sturgeon is equal
between the potential fathers of a family group and compare the differences in family sizes (number of
offspring per female) and the effective number of breeders (Nb) between hatchery propagated lake
sturgeon and naturally produced larvae.
The St. Louis and Ontonagon Rivers were high priority stocking projects for early management
reports and genetic data are vital to determining the success of these initial operations (Auer, 2003).
These two stocking projects can also be used to further compare the stocking of wild-caught larvae to
hatchery-produced lake sturgeon as studied in Crossman et al. (2011). Various lake sturgeon stocking
techniques were studied to determine differences in number of offspring produced, parental
representation, and offspring relatedness. The methods compared included collecting gametes from
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males and females at the spawning grounds, fertilized eggs, and drifting larvae. The number of total
larvae produced was much higher from gamete collection than collecting egg or larval stage lake
sturgeon (Crossman et al., 2011). When estimating the number of breeders for each collection method,
larvae had the highest Nb estimate when compared to gamete and egg stage collection (Crossman et al.,
2011). Further, as the lake sturgeon cohort thinned from mortality, the number of contributing adults
decreased (Crossman et al., 2011). This was attributed to differences in survival among family groups.
Genetic drift and selection from artificial environments can further complicate the reintroduction
process and add complexity to management goals focused on genetic diversity (Lande, 1988).
After these two stocking projects started, guidelines were established to direct Great Lakes lake
sturgeon stocking decisions (Welsh et al., 2010). The spawning locations of lake sturgeon around the
Great Lakes have been grouped into six genetic stocking units (GSUs) (Welsh et al., 2010). The purpose
of these GSUs was to inform fishery agencies of source population genetic considerations when
undertaking rehabilitation stocking projects in the Great Lakes. These GSU designations are not intended
to influence other management decisions. When comparing the standards outlined in these stocking
guidelines to the early years of the St. Louis River project, managers stocked the St. Louis River from one
distinct GSU for Lake Winnebago, Lake Michigan and the Sturgeon River in Lake Superior, which does
not consistently identify with a GSU. Hybridization of the two stocks could lead to hybrid vigor
(heterosis) or outbreeding depression. Heterosis occurs when the hybrids have a fitness advantage over
individuals that are purely one stock. The opposite effect can also occur, outbreeding depression, which
is characterized by hybrid offspring that are less fit than the adults. In the St. Louis River, Wolf River
stocked fish may be adapted to the Lake Winnebago, Lake Michigan system, not Lake Superior (Welsh et
al., 2018). Hybridization of the Wolf River stock with local remnant populations and future crosses with
the Sturgeon River stock could lead to outbreeding depression driven by this possible difference in
fitness.
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Population abundance over time of the two stocks will be difficult to quantify due to the long
generation time of lake sturgeon. Lake sturgeon are a long-lived iteroparous species with sexually
dimorphic life history traits. Female lake sturgeon mature late at 18-27 years of age and males at 12-14
years of age (Peterson et al., 2007). Lake sturgeon exhibit delayed sexual maturity with intermittent
spawning intervals of 1-3 years for males and 4-9 years for females (Peterson et al., 2007). This means a
reproducing population of lake sturgeon will not be established for almost two decades and other
surveys are needed to monitor the success of stocking in these locations. Past index surveys from 2011
in the St. Louis River and Ontonagon River have yielded some of the highest catch rates of all Lake
Superior tributaries (Schloesser et al., 2014). These reports are optimistic for the recovering populations
that the current methods are working to build numbers but further analysis of the genetic diversity of
stocked individuals is needed to ensure all stocking goals are met.
The overall goal of my project was to assess the genetic outcomes of two lake sturgeon stocking
projects in Lake Superior at the St. Louis and Ontonagon Rivers. To do this, subsequent chapters reflect
the following objectives:
Chapter Two: Genetic assessment of natural recruitment in a reintroduced lake sturgeon population
The objective of my study was to evaluate the origin and number of contributing spawners of lake
sturgeon larvae collected from the St. Louis River in 2017 and 2019. These sampling efforts were
coordinated in an attempt evaluate the effectiveness of the two periods of stocking from 1983-1994
(Wolf River) and 1998-2000 (Sturgeon River) by assigning larvae sampled to one or both stocking
sources.
Chapter 3: Supplemental stocking of Lake Sturgeon in the Ontonagon River: Finding family in
unexpected places
The objectives of my study were to determine if paternal representation of lake sturgeon produced in
the Ontonagon hatchery via a partial factorial mating design was equal within a family of five males and
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one female and to compare this method to naturally-produced larvae collected from the Sturgeon River
for differences in family size and the effective number of breeders (Nb).
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Figure 1.1. Map of Lake Superior and Lake Michigan with labelled rivers St. Louis, Ontonagon, Sturgeon,
and Wolf.
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Chapter 2: Genetic Assessment of Natural Recruitment in a Reintroduced Lake Sturgeon Population
ABSTRACT
Lake sturgeon were extirpated throughout much of their historic range in the early 1900s due to
overharvest, habitat degradation and alteration, and reduced water quality. Interagency and tribal
management plans have worked to identify historic locations and remnant populations suitable for
stocking and habitat remediation to rebuild self-sustaining populations of lake sturgeon within their
historic range. The St. Louis River had a historic population of lake sturgeon that was extirpated in the
early 1900s. Lake sturgeon were stocked from 1983-1994 and 1998-2000, from two different source
populations (Wolf River, Sturgeon River). Natural reproduction was confirmed in 2011 and F1 generation
larvae were collected in 2017 (n = 41) and 2019 (n = 51). Genetic assignment testing using 12
microsatellite loci identified 89 first generation Wolf River larvae, two Sturgeon River offspring, and one
larvae originating from the Kaministiquia River. However, the offspring sampled were produced by a
small number of adult spawners each year (2017: Nb = 15 95% CI 9-31 and 2019: Nb = 16 95% CI 9-31)
with no shared parents across sampling years. The sampled offspring had reduced allelic richness when
compared to Wolf River individuals, indicating the founder effect has limited genetic diversity within the
first years of reproduction. These results indicate decreased genetic diversity in the F1 generation
produced by stocked individuals and a small number of spawning adults are present in the St. Louis
River. Over time as more adult lake sturgeon mature, the number of spawners each year will increase
the genetic diversity of the offspring produced.
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Introduction
One tool used in a variety of fisheries and conservation projects is stocking of individuals to
supplement depressed stocks or rebuild extirpated populations. For lake sturgeon populations, severe
habitat alteration and overharvest preceded the decline of lake sturgeon populations to roughly 1% of
historic numbers in five generations (DeHaan et al., 2006; Peterson et al., 2007). Lake Superior’s
historical biomass alone was estimated at 314,000 kg (95% CI: 241,000-590,000kg) (Bruch et al., 2016).
Today, lake sturgeon are listed as extirpated in 4 states, endangered in 11 states and provinces,
threatened in 4 states and provinces, and of special concern in 4 states and provinces across their
historic range within the United States and Canada (Bruch et al., 2016). In several locations where lake
sturgeon populations collapsed, recovery programs were instituted to identify locations for habitat
rehabilitation efforts and begin stocking. Due to the long generation time of lake sturgeon and delayed
sexual maturity, stocking over a 25-year period was recommended (Welsh et al., 2010).
Over time, growing concern for the genetic diversity of stocked populations cultivated
management plans that focused on tracking population diversity. For example, reduced allelic richness
and genetic diversity have been observed in stocked brown trout (Salmo trutta) (Aho et al., 2006). In
stocked populations of Chinook salmon (Oncorhynchus tshawytscha) in Lake Michigan the founder
effect significantly altered allele frequencies and removed rare alleles present in the source population
over three generations (Weeder et al., 2011). The founder effect increases with each generation the
affected population is separated from the source as genetic drift has more severe effects in small
populations of long lived species and can further alter allele frequencies with each generation to
decrease genetic diversity (Ennen et al., 2011). This loss of diversity is presented as a reduction in
genetic variation, an increase of homozygosity in a population, and a decrease in adaptive potential
(Lande, 1988).

16

One way to monitor the genetic diversity within a population of interest is to estimate the
effective population size (Ne), the number of individuals in an ideal population that loses genetic
diversity at the same rate as the observed population (Lande, 1976). A single cohort’s genetic diversity
can be represented by the number of breeders (Nb), the estimated number of parents that contributed
to a single cohort dependent on the genetic diversity of the offspring. In iteroparous species it is not
uncommon for Nb to be greater than Ne (Waples et al., 2013). It is important to measure both Nb and Ne
of these stocked populations to ensure a minimum level of genetic diversity is maintained to meet
stocking goals and to evaluate the need for additional stocking. Lake sturgeon stocking guidelines
recommend stocking over a 25 year period with a yearly Ne target of 20 (Welsh et al., 2010). This plan
would create a population with a total Ne of approximately 500 individuals by the end of the proposed
stocking period. An Ne of 500 is recommended to maintain long term evolutionary potential and to
mitigate the effects of drift and mutation within a population (Franklin, 1980).
The St. Louis River had a historic population of Lake Sturgeon that was extirpated in the early
20th century (Schram et al., 1999). The river was selected for stocking and evaluated for habitat
rehabilitation needs. Habitat mitigation was necessary due to habitat alteration and the loss of wetlands
(Auer, 2003). At the inception of the stocking project in 1983, the only suitable stocking source was the
Wolf River, a Lake Michigan population. This stocking source was selected over the Bad River, a Lake
Superior population, as the adult population size of the Bad River was unknown and there were
additional complexities to collecting eggs (Schram et al., 1999). From 1983-1994, a total of 861,000 lake
sturgeon of various life stages were stocked and raised at the Wild Rose State Fish Hatchery in central
Wisconsin and various hatcheries in Minnesota (Table 2.1). The Sturgeon River population was later
identified as a viable stocking source and selected over the Wolf River. From 1998-2000, an additional
61,380 lake sturgeon from the Sturgeon River were stocked into the St. Louis River, reared at the Wolf
Lake State Fish Hatchery in southern Michigan.
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The stocking source was changed to retain Lake Superior specific adaptations, reduce the
potential of outbreeding depression caused by stocking from a separate watershed, and maintain native
genetic lineages. Genetic analysis of lake sturgeon around the Great Lakes identified 6 genetic stocking
units (GSUs) to facilitate identification of suitable stocking sources as populations within the same GSU
are likely to be genetically similar (Welsh et al., 2010). The Wolf River was assigned to GSU 3 with other
lake sturgeon populations along the Western shore of Lake Michigan and the Sturgeon River was not
assigned to a GSU as it did not consistently group with other sampled populations. While these GSUs
were identified a decade after the St. Louis River stocking project ended, the information is still valuable
to help evaluate the future of the St. Louis River population.
This stocking project was reported a success in the early stages as lake sturgeon were caught in
the St. Louis River two years after the project started (Schram et al., 1999). After 2000, restoration
efforts moved to focus on habitat and water quality. Lake sturgeon from Lake Huron, Goulais,
Kaministiquia, Pic, Bad, and Black Sturgeon Rivers were found in recent population surveys (Estep et al.,
2020; Welsh et al., 2018). Analysis of lake sturgeon sampled by fisheries agencies from 2005-2017 by
Welsh et al. (2018) determined the effective population size of the St. Louis River population to be
approximately 38.1 (95% CI: 31.8-45.5). Adult lake sturgeon sampled were assigned to both the Wolf
River (73.5%) and the Sturgeon River (14.6%). A higher proportion of Sturgeon River lake sturgeon were
identified than expected from the stocked numbers. Furthermore, natural recolonization was detected
by the presence of Lake Huron and Goulais River individuals. In contrast, Estep et al. (2020) did not
detect any adult individuals of Sturgeon River origin from samples collected during adult surveys from
2016-2018. These results indicate a need for analysis of naturally produced offspring from the St. Louis
River population to evaluate the status of the two stocking periods.
Natural reproduction was confirmed in 2011 and subsequent surveys have been successful in
sampling lake sturgeon during larval drift (Boygo and Edwards, 2012 Technical Report). Lake sturgeon
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larvae were sampled yearly by the 1854 Treaty Authority and Fond du lac Band of Lake Superior
Chippewa to track spawning success of this population. Larvae collected in 2017 and 2019 were
provided for genetic analysis. The objective of our study was to evaluate the origin and number of
contributing spawners to lake sturgeon larvae naturally produced in the St. Louis River in 2017 and 2019.
Materials and Methods
Sample Collection
Whole fry collected by 1854 Treaty Authority and Fond du Lac Band of Lake Superior Chippewa in
drift nets from the St. Louis River in 2017 (n = 41) and 2019 (n = 51) were stored in 200mL tubes
suspended in 95% ethanol until time of analysis.
Laboratory Techniques
DNA was extracted from whole larvae lake sturgeon samples following the Promega Wizard SV 96
Genomic DNA Purification System (Promega Corporation, Madison, Wisconsin) per the manufacturer’s
instructions. DNA from larval lake sturgeon samples was eluted in 200 μl of nuclease free water.
Samples were quantified using NanoDrop 8000 Spectrophotometer (Thermo Scientific, Waltham MA).
Twelve microsatellite loci (King et al., 2001; May et al., 1997; McQuown et al., 2002; Welsh et al., 2003)
were amplified in 3 multiplex groups using the Qiagen Multiplex Polymerase Chain Reaction (PCR) kit
(Multiplex 1: Afu68, Afu68b, Spl120, AfuG56; Multiplex 2: AfuG195, AfuG9, Aox27, AfuG74; Multiplex 3:
AfuG160, AfuG63, AfuG204, AfuG112). Each 10µL multiplex PCR reaction included 1x QIAGEN Multiplex
PCR Master Mix, 0.2µM of each fluorescently labeled forward primer (0.4µM for AfuG195, AfuG9, and
AfuG112), 0.2µM of each reverse primer (0.4µM for AfuG195, AfuG9, and AfuG112), and 20ng of
extracted template DNA (40ng for Multiplex 2). Thermal cycling protocol for Multiplex 1 has an initial
denaturation of 95°C for 15 min followed by 20 cycles of 94°C (30s), 70°C (40s) with a 0.5°C decrease per
cycle, followed by 20 cycles of 94°C (30s), 60°C (40s) with an increase of 1 second per cycle, followed by
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a final 10°C hold. Multiplex 2 (Estep et al., 2020) has an initial denaturation of 95°C for 15 min, followed
by 35 cycles of 95°C (45s), 54°C (45s), 72°C (45s), followed by a final extension of 72°C for 10min and a
10°C hold. Multiplex 3 has an initial denaturation at 95°C for 15min, followed by 30 cycles of 94°C (30s),
57°C (90s), 72°C (60s), followed by a final extension of 60°C for 30min and a 10°C hold.
Samples were then sent to the WVU Genomics Core Facility (CTSI Grant #U54 GM104942) for
fragment analysis using a LIZ600 size standard. Allele peaks were identified and manually confirmed
using GeneMarkerTM Genotyping Software by SoftGenetics.
Data Analysis
The analysis program STRUCTURE uses Bayesian techniques to identify population clusters without
prior location data (Pritchard et al., 2000). STRUCTURE assigns individuals to population clusters at
varying levels of clusters (K) and tests the likelihood of each assignment assuming allele frequencies are
correlated among populations. The genotypes of the larvae captured at the St. Louis River spawning
ground were compared to baseline population data from Welsh et al. (2008) of the Wolf River (n = 103)
and Sturgeon River (n = 48) at K=2 to determine the source of each collected individual’s parents. The
same analysis was repeated at K = 3 to further examine the differences in population structure between
the two stocking source populations and the F1 offspring collected at the St. Louis River. Finally, the St.
Louis River individuals were compared to baseline population genetic data from other Great Lakes
populations including United States populations [Wolf, Sturgeon, Bad (n = 179), Menominee (n = 91)]
and Canadian populations [Michipicoten (n = 25), White (n = 58), Pic (n = 63), Goulais (n = 43),
Kaministiquia (n = 85), Black Sturgeon (n = 57), Nipigon (n = 12)] data also analyzed in Welsh et al.
(2008). STRUCTURE HARVESTER (Earl and vonHoldt, 2012) was used to determine the optimal value of K
by comparing delta K and log-likelihood values from K=2 to K = 14. The selected K value that optimized
the change in log-likelihood across values of K to best represent population structure was K = 5.
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The software GENECLASS (Piry et al., 2004) was used to assign sampled individuals from the St. Louis
River to the Wolf or Sturgeon River source populations using the same baseline genetic data from Welsh
et al. (2008). The Bayesian method at a threshold of 0.01 detailed in Rannala and Mountain (1997) was
used and simulation algorithm from Paetkau et al. (2004). Simulation of 1000 individuals were assigned
correctly 83.4% of the time with a quality index of 66.31%.
Further analysis using NEWHYBRIDS generated probability of assignment scores to each St. Louis
River larvae and determined if any of the offspring sampled were Wolf River-Sturgeon River hybrids
(Anderson and Thompson, 2002; Anderson, 2003). The Wolf River and Sturgeon River population
baseline data was used to establish allele frequencies for assignment probabilities to identify any
hybrids by calculating posterior distributions to first generation hybrid type only.
The software COLONY (Jones and Wang, 2010) was used to reconstruct familial relationships
between sampled lake sturgeon individuals in the St. Louis River to infer the number of contributing
spawners. Analysis parameters assumed both male and female polygamy with an error rate of 0.0001
for all loci analyzed. Simulation of data analysis was run to confirm Nb estimation with a mating matrix of
17 males and 9 females using the analysis parameters of full likelihood analysis method, medium
likelihood precision, medium length of run, no inbreeding, no excluded paternal and maternal sibships,
weak sibship prior, probability a father is included in the male candidates 0.5, and probability a mother
is included in the female candidates 0.5. The estimated Nb of the offspring included in the mating matrix
was 20 (95% CI: 11-38). The true number of parents in the simulation, 26 adults, is included in the 95%
confidence interval of the simulated results indicating the analysis parameters are appropriate. A final
analysis was run with all St. Louis River larvae pooled to check for sibship assignment across the two
sampling periods and identify any repeat spawners. Sibship reconstruction grouped the sampled larvae
into full siblings, half siblings, and unrelated individual groups (Jones et al., 2010).
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Results
Source Assignment
The STRUCTURE analysis of the genotypes of the 2017 and 2019 St. Louis River larvae, Wolf
River population baseline, and Sturgeon River population baseline were analyzed at K =2 (Figure 2.1) and
K = 3 (Figure 2.2). At K =2, 7 individuals from the 2017 sampling period had a population assignment
score of 0.75 or higher to the Sturgeon River stocking source. However, individuals with strong
membership to the Sturgeon River were also detected in the Wolf River spawning population, indicating
low assignment power to accurately differentiate the two stocking sources using this analysis. When K
was increased to 3, as recommended by Delta K and likelihood values of K (Figure 2.3), strong genetic
differentiation was observed between the larvae collected when compared to genetic data of the lake
sturgeon populations of the Wolf River and Sturgeon River (Figure 2.4). This indicates the F1 offspring
produced at the St. Louis River are a third, genetically distinct population when compared to the two
stocking sources regardless of sampling location. At K = 3, assignment scores to the Sturgeon River of 5
of the previously identified larvae decreased and only two offspring had assignment scores of 0.5 or
higher to the Sturgeon River stocking source. When these same offspring were analyzed at K =2, these
two offspring had the highest Sturgeon River assignment scores of 0.9 or higher.
GENECLASS simulations determined the analysis parameters (α = 0.01) used had a high
probability of correctly assigning individuals to the source population at 83.4% with a quality index of
66.31%. GENECLASS assigned 87 individuals to the Wolf River stocking source and 5 individuals to the
Sturgeon River. All offspring were assigned to a stocking source with an assignment score greater than
50% with a minimum assignment score of 55%. This analysis corroborated STRUCTURE assignment of
the two 2017 offspring to the Sturgeon River with a similar assignment score of 90% or higher. The three
additional individuals GENECLASS identified as Sturgeon River were not corroborated by STRUCTURE
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analysis at K = 3 as the larvae had a low assignment probability to the Wolf and Sturgeon River with high
assignment to the third population cluster.
NEW HYBRID analysis of the genetic data did not identify any Wolf River-Sturgeon River first
generation hybrids within the sampled offspring of the 2017 and 2019 collections. All of the St. Louis
offspring sampled were assigned to the Wolf River population with an assignment score of 95% or
higher except one with a score of 88% and a hybrid probability score of 11%. This analysis does not
corroborate STRUCTURE and GENECLASS assignments of individuals to the Sturgeon River stocking
source.
Further analysis to identify this source of variation in the St. Louis River larvae compared the
offspring genotypes to 11 Lake Superior populations for potential straying of spawning adults. A
comparison of delta K and likelihood of K values determined that K = 5 was the optimal number of
population clusters based on the change in likelihood of K across values of 1 to 14 (Figure 2.5). In this
analysis, the St. Louis River larvae predominantly clustered into a population with the Wolf River
populations over other Lake Superior tributary populations (Figure 2.6). One individual collected in 2017
strongly assigned (0.891) to the cluster with the Kaministiquia River.
Genetic Diversity
Allelic richness was decreased between the Wolf River population and the St. Louis River F1
generation (Table 2.2). A paired t-test determined allelic richness was significantly different between the
Wolf and St. Louis populations (p < 0.05) but was not significant when each population was compared to
the Sturgeon River. The St. Louis River population had 9 fewer alleles than the Wolf River population
that was the primary stocking source of the individuals sampled. Average allelic richness of the St. Louis
River was lower than the Wolf River population by 0.75, but greater than the Sturgeon River population.
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These results indicate a loss of genetic diversity from stocking but allelic richness in the St. Louis River
population is still relatively high and similar to the Sturgeon River population.
The estimated number of breeders for the 2017 and 2019 collections was Nb= 15 (95% CI: 9-31) and
Nb= 16 (95% CI: 9-31) respectively. Sibship assignment identified half and full siblings within each
sampling period however there were no half siblings identified across the two sampling periods. This
means the parents that produced the 2017 larval collection are independent of the parents sampled by
the 2019 larvae collected.
Discussion
The lake sturgeon larvae collected in 2017 and 2019 were produced by adults stocked from both
the Wolf River and the Sturgeon River stocking sources. While most of the larvae were confirmed to be
of Wolf River origin, these findings provide important confirmation of Sturgeon River adults returning to
spawn. Presence of immature lake sturgeon of Sturgeon River origin in the St. Louis River was confirmed
by Welsh et al. (2018) but this study is the first analysis of the F1 generation and stocking source
assignment. Only two offspring from 2017 were assigned to the Sturgeon River by more than one
analysis program. The overall lack of Sturgeon River offspring can likely be attributed to the delayed
sexual maturity lake sturgeon display. Male lake sturgeon spawn after 12-14 years of age while female
lake sturgeon only spawn around 18-27 years of age but can mature earlier than the expected age of
maturity (Peterson et al., 2007). Since the hybrid analysis did not detect any first-generation hybrids,
this indicates the two offspring were produced by two pairs of spawning Sturgeon River adults. In 2017
when the St. Louis River offspring were sampled, Sturgeon River fish were stocked 19 years ago,
suggesting some number of female lake sturgeon are reproductively capable . Further analysis should be
conducted to test these individuals using a different technique with greater assignment power and to
further delineate the admixture observed in the population baseline data and St. Louis River samples.
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Assortative mating is a type of reproductive isolation between distinct species or in this case
divergent populations (Johannesson et al., 1995) that can be caused by social, environmental, or genetic
factors (Schumer et al., 2017). Since the Sturgeon River fish were stocked from a different watershed,
there could be differences in spawning cues that cause a temporal mismatch between lake sturgeon of
different stocking sources. An analysis of lake sturgeon spawning habitat determined that spawning
temperature was significantly different across Great Lakes watersheds and latitude was negatively
correlated with the temperature at which spawning occurs, indicative of local adaptations (Baril et al.
2018). This allochronic isolation caused by a difference in spawning cues would explain the absence of
first-generation hybrids even with many mature male Sturgeon River fish and female Wolf River fish.
Assortative mating behavior has limited hybridization of natural and hatchery strains of brook trout
(Salvelinus fontinalis) in streams where both strains are present (Humston et al., 2010). Another study
on genetic analysis of swordtail fish (Xiphophorus birchmanni and X. malinchehas) has shown the effects
of assortative mating on hybrid species can be wide ranging and vary in strength with behavioral
plasticity (Schumer et al., 2017).
Over many generations, assortative mating is often an incomplete barrier to gene flow and the
forces of selection and drift can often hinder or maintain the same mating dynamics that lead to
reproductive isolation (Schumer et al., 2017). Assortative mating of Wolf River and Sturgeon River adults
has many implications for the population structure of the St. Louis River population. Positive assortative
mating can cause genetic isolation of two populations with sympatric breeding habitat and prevent
panmixia (Kondrashov and Shpak, 1998). This initial observed assortative mating has prevented
hybridization of the stocking sources and may serve to buffer reduced fitness consequences of
outbreeding depression by slowing the creation of Wolf River-Sturgeon River hybrids.
Simulated parental genotypes did not match across 2017 and 2019, indicating the collection of
offspring sampled unique parents as there were no half siblings identified across sampling periods. The
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two-year gap between the collections fits within the spawning interval of lake sturgeon as males will
spawn once every 1-3 years and females every 4-9 years (Peterson et al., 2007). Further collections are
needed to monitor estimates of Nb for future cohorts and observe spawning adults at the St. Louis River
to correctly estimate spawner numbers to track population recovery. Future larval collections should
continue assignment testing of the sampled larvae to monitor genetic drift and determine the ratio of
Sturgeon River and Wolf River parents observed year to year. Direct sampling of spawning adults can
also be performed to test for a mismatch in spawning intervals of the stocked lake sturgeon.
This study identified genetic differentiation from the collected larvae to the Wolf River and
Sturgeon River population stocking sources and signifies a distinct population. These results indicate
genetic drift, one of the primary mechanisms of evolution in small populations, occurred between
generations to change allele frequencies of the St. Louis River fish sampled (Lande, 1976). Genetic drift
can often lead to a reduction in allelic richness and a decrease in genetic diversity. Loss in allelic richness
is also caused by the founder effect, an extreme presentation of genetic drift; when a small number of
parents reproduce, the genetic diversity of the population is not fully represented in the offspring and
this generation has decreased genetic diversity (Mayr, 1954). The alleles present in these founding
individuals are overrepresented and genetic diversity from one generation to the next is strongly
decreased. This effect should be monitored to ensure it does not compound and lead to a large loss of
genetic diversity as the initial survey by Welsh et al. (2018) of the adults determined a higher level of
relatedness among the stocked individuals than other remnant populations. The lake sturgeon stocked
into the St. Louis River were produced from gamete collections of only a few females per year. Lake
sturgeon larvae produced by egg collections or gamete takes have a lower effective population size than
naturally produced lake sturgeon larvae as noted in Chapter 3 and Crossman et al. (2011). The allelic
richness observed in this population is still higher than the Sturgeon River population which has
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sufficient population numbers and genetic diversity to enable collections for other ongoing stocking
projects.
Management of the St. Louis River population is also highly dependent on the values of N b
estimated for these collections. The common 50/500 rule states that a preliminary Ne of no less than 50
is recommended to avoid detrimental loss of genetic diversity suffered in small, isolated populations.
The St. Louis River stocked lake sturgeon 15 years over a 25 year period. The recommended approach is
to stock for 25 years to reach an estimated Ne of 500, yet the small number of contributing spawners
identified by these two sampling years may indicate a need for additional monitoring. Additional
stocking is likely not the solution as the cause of the founder effect observed in the St. Louis River F1
offspring is an artifact of the small number of spawners and not due to an insufficient stocking effort.
Foremost, the two spawning periods analyzed by this study identified cohorts produced by independent
spawners as there were no repeat parents. In consideration of the spawning frequency of lake sturgeon,
the lack of repeat males is unexpected but also may indicate there are many mature male lake sturgeon
and simply a lack of females. This is promising for the St. Louis River population when these results are
contextualized within the population and the life history of lake sturgeon. These are only the first years
of natural reproduction in this system and as more female Wolf River and Sturgeon River fish reach
sexual maturity, the number of contributing spawners will continue to increase over the next few years.
Wolf River fish were last stocked 25 years before the 2019 collection and Sturgeon River fish 19 years
before. There are likely many female fish that have not spawned yet and will be sampled by future
drifting larvae collections. Future cohorts are likely to observe an increase in estimated N b due to an
increase in the potential number of male and female parings that can be achieved by an influx of mature
female lake sturgeon. Eggs are a limited resource in reproduction and with additional lake sturgeon
maturing in the next few years, the number of offspring produced is also likely to increase. Again, this is
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a good sign for the St. Louis River population and the only recommendation is to wait and sample future
spawning adults and offspring.
The St. Louis River is one of the first lake sturgeon stocking projects and it is still too early to
determine if the stocking was a success or failure from analysis of two cohorts. Lake sturgeon are late to
mature and long lived, two traits that will protect the population from negative effects of low N e in the
short term (DeHaan et al., 2006). In time, the population will grow as the habitat has been restored and
restrictions are in place to prevent the harvest of lake sturgeon in this area. Milestones in this
population’s recovery will be an important way to track other stocking projects and advise future
rehabilitation efforts for lake sturgeon and other long lived species.
Management Recommendations
In summary, additional stocking is not recommended at this time. Female lake sturgeon stocked
from the Sturgeon River from 1998-2000 will continue to mature over the next 3-5 years to reach sexual
maturity at 18-27 years of age. As more female lake sturgeon mature the number of offspring produced
and the genetic diversity of those offspring will increase. Future lake sturgeon spawning events will have
more adults and create new male – female pairings as adult lake sturgeon have different spawning
intervals. All of these factors will increase the genetic diversity of future offspring produced in the St.
Louis River. Sampling events should target adults and larvae at the spawning grounds to identify Wolf
River and Sturgeon River adults and check for hybrid offspring via genetic assignment testing. This
sampling will help managers better understand the spawning dynamics of the stocked individuals and
further evaluate allochronic isolation in the St. Louis River lake sturgeon population.
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Tables
Table 2.1. Number of Lake Sturgeon stocked into the St. Louis River system at various life stages
from Michigan Department of Natural Resources (MN DNR) report 1988 and Schram et al. (1999),
published by Welsh et al. (2018).

Year
1983
1984
1985
1986
1987
1988
1988
1989
1990
1991
1992
1993
1994
1998
1998
2000
Total

Source
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Bad
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Sturgeon
Sturgeon
Sturgeon

Fry
102000
162000
59000
0
0
0
0
50000
25000
96000
83000
7000
151000
0
25835
0
760835

Fingerlings
2700
18000
7600
0
0
24200
290
7200
10300
10000
13500
19300
14500
6765
0
7981
142336

Yearlings
0
0
0
400
0
0
0
100
0
0
0
0
0
0
0
0
500
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Total
104700
180000
66600
400
0
24200
290
57300
35300
106000
96500
26300
165500
6765
25835
7981
903671

Table 2.2. Allelic richness (AR) of the St. Louis River (n = 92), Wolf River (n = 103), and Sturgeon River (n =
48) individuals for 12 microsatellite loci with average AR summarized.

Loci
AfuG9
AfuG74
AfuG56
Afu68
AfuG195
Afu68B
Aox27
AfuG160
AfuG112
AfuG63
AguG204
Spl120
Total
Average AR

Population Allelic Richness
St. Louis
Wolf
Sturgeon
7
9
6
3
3
3
3
3
3
6
7
8
2
2
2
9
12
7
3
3
3
2
4
3
6
7
4
4
4
4
2
2
2
7
7
7
54
63
52
4.5
5.25
4.33
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Figures

Figure 2.1. Map of the Great Lakes area with labels for the St. Louis River, Wolf River, and Sturgeon River
adjacent to Lake Superior.

31

Figure 2.2. STRUCTURE plot (K=2) of 2017 and 2019 St. Louis larval collections compared to genetic
baseline data of Wolf River and Sturgeon River lake sturgeon.
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Figure 2.3. STRUCTURE HARVESTER Web v0.6.94 July 2014, Plot vA.1 November 2012, Core vA.2 July
2014 plot of Delta K (A) and mean likelihood of K with standard deviation error bars (B) from values of K
= 1 to K =5 for the St. Louis River larvae and baseline data of the Wolf and Sturgeon Rivers.
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Figure 2.4. STRUCTURE plot (K=3) of St. Louis larvae collected in 2017 and 2019 compared to the
Sturgeon River and Wolf River Lake sturgeon baseline data.
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Figure 2.5. STRUCTURE HARVESTER output of Delta K (A) and mean likelihood of K with standard
deviation error bars (B) for the St. Louis River larvae and population baseline data across values of K = 1
to K = 14.
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Superior tributary populations.

Figure 2.6. STRUCTURE plot (K = 5) comparison of St. Louis fry to lake sturgeon genetic baseline data from other Lake

Supplementary Table
Table 2.1 GENECLASS assignment testing results for 2017 St. Louis offspring (SUP-) and 2019 St. Louis
offspring (LR-) to the Sturgeon River and Wolf River stocking sources using baseline genetic data from
Welsh et al. (2008) of the Wolf River (n = 103) and Sturgeon River (n = 48) populations.

Primary Assignment
Individual
ID
SUP2785
LR10
SUP2749
SUP2783
LR01
LR05
LR06
LR22
LR23
SUP2755
SUP2763
SUP2764
SUP2771
SUP2773
SUP2776
SUP2786
LR03
LR41
LR47
LR20
LR33
SUP2751
SUP2757
SUP2778
SUP2779
LR46
LR48
LR32
SUP2774
LR37
LR43
LR49
SUP2782

Secondary Assignment

Stocking Assignment Stocking Assignment
Source
Score (%)
Source
Score (%)
Sturgeon
98.39 Wolf
1.61
Sturgeon
97.36 Wolf
2.64
Sturgeon
94.26 Wolf
5.74
Sturgeon
75.92 Wolf
24.08
Sturgeon
67.45 Wolf
32.55
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0
Wolf
100 Sturgeon
0.01
Wolf
100 Sturgeon
0.01
Wolf
99.99 Sturgeon
0.01
Wolf
99.99 Sturgeon
0.01
Wolf
99.99 Sturgeon
0.01
Wolf
99.99 Sturgeon
0.01
37

Likelihood Score('log(L))
Wolf
River
9.52
9.32
9.73
7.17
10.5
11.47
7.83
9.46
9.26
9.17
7.34
9.6
8.54
7.13
10.15
8.61
10.67
6.49
11.08
7.91
9.42
9.4
12.69
7.85
10.26
9.17
9.59
7.29
11.73
8.32
9.31
9.62
6.86

Sturgeon
River
7.74
7.75
8.51
6.67
10.18
19.78
13.39
15.07
14.59
14.89
14.54
15.26
14.79
14.19
16.7
16.38
15.83
11.66
16.02
12.59
14.13
14.21
17.31
12.66
14.74
13.56
14
11.61
16.03
12.53
13.46
13.76
11.03

Number
of Loci
Used
(?/12)
10
12
11
9
12
12
12
12
12
11
10
11
10
12
12
10
12
12
12
12
12
12
12
10
10
12
12
12
11
12
12
12
10

LR26
SUP2767
SUP2766
LR25
LR27
SUP2746
LR19
LR30
LR31
LR36
LR07
LR21
LR34
SUP2758
LR04
LR18
LR28
LR39
LR02
LR15
LR11
SUP2759
LR29
LR35
SUP2769
LR51
SUP2777
SUP2752
SUP2765
LR16
SUP2753
SUP2760
SUP2747
LR50
SUP2784
LR45
SUP2770
SUP2762
SUP2775
LR40
SUP2772
LR13
SUP2780
LR38
SUP2761

Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf

99.99
99.99
99.99
99.99
99.98
99.98
99.98
99.97
99.96
99.96
99.95
99.94
99.93
99.93
99.92
99.91
99.88
99.82
99.82
99.8
99.77
99.72
99.68
99.62
99.54
99.5
99.49
99.45
99.41
99.38
99.36
99.34
99.34
99.3
99.28
99.23
99.01
98.88
98.76
98.74
98.41
98.33
98.18
97.46
97.29

Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon

0.01
0.01
0.01
0.02
0.02
0.02
0.03
0.03
0.04
0.04
0.05
0.06
0.07
0.07
0.08
0.09
0.12
0.18
0.18
0.2
0.23
0.28
0.32
0.38
0.46
0.51
0.51
0.55
0.59
0.62
0.64
0.66
0.66
0.7
0.72
0.77
0.99
1.12
1.24
1.26
1.59
1.67
1.82
2.54
2.71
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8.88
8.12
8.08
9.08
8.79
6.61
11.24
10.08
10.27
8.71
7.54
10.13
9.49
9.99
9.26
8.63
8.17
8.74
8.61
9.38
8.06
10.28
8.29
8.31
9.02
10.14
9.62
9.86
10.17
8.19
10.37
7.07
8.7
9.79
8.69
8.68
9.68
9.4
10.03
7.2
7.87
12.12
9.11
8.58
9.83

12.94
12.09
11.93
12.91
12.46
10.23
14.84
13.61
13.67
12.1
10.85
13.36
12.67
13.13
12.37
11.66
11.08
11.48
11.34
12.07
10.71
12.83
10.79
10.73
11.36
12.44
11.9
12.12
12.4
10.4
12.56
9.25
10.88
11.94
10.84
10.79
11.68
11.34
11.93
9.09
9.66
13.89
10.84
10.16
11.38

12
10
10
12
12
10
12
12
12
12
12
12
12
11
12
12
12
12
12
12
12
12
12
12
10
12
12
11
11
12
11
12
11
12
10
12
10
10
12
12
11
12
10
12
12

LR24
LR44
SUP2768
LR17
LR14
SUP2756
SUP2781
LR12
LR42
LR09
SUP2750
SUP2748
SUP2754
LR08

Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf
Wolf

96.73
96.01
91.43
89.82
89.31
88.4
83.68
82.96
82.61
82.32
81.97
80
72.73
55.89

Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon
Sturgeon

3.27
3.99
8.57
10.18
10.69
11.6
16.32
17.04
17.39
17.69
18.04
20
27.28
44.11
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8.7
8.65
8.36
13.16
10.39
12.07
8.76
11.53
8.58
9.68
8.16
10.55
8.08
9.93

10.17
10.03
9.38
14.1
11.31
12.95
9.47
12.22
9.25
10.35
8.82
11.15
8.51
10.03

12
12
10
12
12
12
10
12
12
12
12
11
11
12
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Chapter 3: Supplemental stocking of Lake Sturgeon in the Ontonagon River: Finding family in
unexpected places
ABSTRACT
Lake sturgeon were stocked in the Ontonagon River from 1998-2010. Stocking resumed in 2013 using a
stream side rearing trailer to raise hatchery produced offspring. In 2018, 39 adult lake sturgeon were
sampled at the Sturgeon River spawning ground including 5 females and 34 males. Gametes were
collected from 5 females and 15 males and mated in a partial factorial cross of 1 female : 5 males to
create 5 family groups Due to low survivorship, additional collections of drifting fry from the Sturgeon
River were reared in the hatchery for stocking. A total of 759 lake sturgeon were stocked in the
Ontonagon River. Of these offspring, 84 were produced via partial factorial mating from gamete
collections of Sturgeon River fish; the remaining 675 offspring were naturally produced larvae collected
from the Sturgeon River. The objectives of this analysis were to determine if there is unequal paternal
representation among a single hatchery family group and to determine the number of parents
contributing to the wild-caught sturgeon. Parentage analysis based on genetic data from 12
microsatellite loci determined the family group had unequal paternal representation (χ2=50.05; p =
4.7x10-9; df = 4). The hatchery produced offspring had an estimated Nb = 3 (95% CI 2-12) and decreased
genetic diversity in contrast to the stocked naturally produced larvae that had high estimated number of
breeders Nb = 336 (95% CI: 285-399). Parentage analysis was performed for the naturally produced
offspring and the adults sampled at the Sturgeon River spawning ground. Paternity was assigned for 105
of the naturally produced offspring to 33 of the 34 sampled males with equal paternal representation
(χ2=30.51; p = 0.59; df = 33) where each male produced an average of three offspring. Maternity was
assigned to 147 of the naturally produced larvae to all five females gametes were collected from at the
Sturgeon River spawning ground. These additional parental assignments identified half-siblings between
the two rearing methods (gamete collections and naturally produced larvae collections) implemented in
2018.
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Introduction
Conservation managers can utilize stocking as an important tool for population recovery but
must also carefully consider the genetic makeup of the stocked individuals. The ultimate goal of many
restoration projects that involve stocking individuals is to reach a population size that can thrive without
additional introductions. Genetic diversity is important to maintain long term population abundance and
potential for adaptation to future conditions (Crossman et al., 2011; Ford, 2002). For restoration
projects to be successful long term, managers must focus on minimizing the relatedness of the
propagated and collected offspring in order to maximize the genetic diversity of surviving adults
(Crossman et al., 2011). Stocking individuals into a vulnerable population does have associated risks that
vary in effect dependent on the stocking practices. Estimating the number of breeding adults (Nb) for
stocked cohorts is important to track changes in allele frequencies, heterozygosity, and inbreeding to
continually evaluate the need for stocking (Ryman and Laikre, 1991; Crossman et al., 2011).
There are multiple methods to acquire or collect individuals for stocking including collections of
eggs, drifting larvae, and gametes. Each method yields varying levels of genetic diversity in the surviving
progeny. Additionally, the life stage stocked influences the retention of genetic diversity (Crossman et
al., 2011; Flagg and Nash 1999). Naturally produced egg and drifting larvae collections incorporate the
spawning nature of the species in question. Lake sturgeon (Acipenser fulvescens) are broadcast
spawners and offspring produced from these methods have low relatedness and a high number of
breeders due to the high number of parental crosses (Crossman et al., 2011). While direct gamete takes
are an effective method for managers to produce a large number of progeny, the offspring can have a
highly variable level of relatedness depending on the chosen mating method.
There are multiple parental cross types available, primarily defined as monogamous or factorial
designs. Factorial setups can include a partial factorial mating where the eggs of each female are mated
with a subset of available males, and full factorial mating where male and female gametes are subject to
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multiple parental combinations (Fiumera et al., 2004). Over multiple generations, full and partial
factorial mating designs can reduce inbreeding within a population even when the initial F1 offspring is
composed of many half-siblings (Busack and Knudsen, 2007; Engström et al., 1996; Dupont-Nivet et al.,
2006). When compared to a single male-female cross, a partial factorial mating scheme can increase the
estimated Nb and is recommended for population recovery plans focused on retaining a high value of N b
(Fiumera et al., 2004; Crossman et al., 2011; Busack and Knudsen, 2007). Further steps can be taken to
ensure equal family sizes are stocked to reduce any decreases in the effective population size (N e) of the
stocked population (Ryman and Laikre, 1991). When no additional measures are taken, a >22% decrease
in Ne was observed in coho salmon (Oncorhynchus kisutch) (Moyer et al., 2011).
Any decrease in Nb and Ne characterizes a decrease in parental representation and the loss of
genetic diversity for each cohort stocked and ultimately the target population. The resulting
reproductive skew in surviving offspring per parent can be caused by a combination of competition and
differential reproductive success (Serbezov et al., 2010). In brown trout (Salmo trutta), male
reproductive success was highly dependent on female mate choice as a factor of body size during
aggregate spawning events, a phenomena well documented in salmonid species (Serbezov et al., 2010;
Fleming, 1998). Direct gamete takes remove this effect of mate choice and reproductive success is solely
dependent on gamete quality and eventual larval development. In hatcheries where direct gamete takes
are the primary method of propagation, artificial selection within the hatchery rearing process will
largely affect the fitness of the stocked offspring by cultivating individuals well adapted to the hatchery
environment. In summer chum salmon (Oncorhynchus keta), the mating design incorporated only a
small number of parents, which produced highly variable family sizes and directly resulted in a cohort
with decreased genetic diversity and limited adaptive potential (Small et al., 2009). It is necessary to
understand the effects of hatchery propagation techniques to stock responsibly and ensure the offspring
reared are well-suited to the conditions of their intended habitat.
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Stocking can be used to build populations of various species including lake sturgeon and prevent
the adverse effects of inbreeding and genetic drift that occur in populations with a small number of
individuals. One of many conservation-based stocking projects is the Ontonagon River lake sturgeon
project located on the southern shore of Lake Superior (Figure 3.1). Michigan Department of Natural
Resources (MIDNR) and US Fish and Wildlife Service (USFWS) have collected lake sturgeon from the
Sturgeon River spawning ground for stocking purposes since 1998 and will continue to stock individuals
in the Ontonagon River to build a reproducing population.
Restoration managers have worked to restore the Ontonagon River population with various
supplementation methods for the last two decades. From 1998-2004, lake sturgeon from the Sturgeon
River were reared at the Michigan Wolf Lake state fish hatchery in Mattawan, MI and stocked into the
Ontonagon River of Lake Superior. From 2007 to 2010, lake sturgeon from the Sturgeon River were
reared at a streamside rearing facility in Ontonagon, MI. Managers determined that poor water quality
was hindering rearing efforts at the facility in Ontonagon and stocking efforts were halted. A new
location for rearing was secured in 2012 and from 2013 onward, stocking resumed using a streamside
rearing trailer on the West Branch Ontonagon River. Streamside facilities raise the fish in water pumped
directly from the river they will be stocked in; this technique exposes the fish to daily changes in water
conditions and chemistry as opposed to a traditional hatchery environment with constant conditions
(Holtgren et al., 2007). Hatchery environments can alter selection pressures and result in a different
genetic makeup than wild raised fish (Currens and Busack, 1995; Campton, 1995; Welsh et al., 2010).
Streamside rearing is still an artificial setting but by rearing the young lake sturgeon in the Ontonagon
River waters, hopefully these artificial selection pressures will be reduced.
The objectives of this study were to determine if paternal representation of lake sturgeon
produced in the Ontonagon streamside rearing trailer via a partial factorial mating design is equal within
a family of five males and one female and to compare this method to naturally-produced larvae
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collected from the Sturgeon River for differences in family size and the effective number of breeders
(Nb).
Materials and Methods
Sample Collection
Adult lake sturgeon were caught at the Sturgeon River spawning ground in 2018 by fishery
biologists and gametes collected from 3 females and 15 males for The Ontonagon River Stocking Project.
An additional 2 females, 17 males, and 2 sex unknown adults were sampled, and fin clips were collected
from all 39 sampled adults for later genetic analysis. The collected gametes were divided into equal
parent groups consisting of 1 female and 5 males. Due to low offspring survivorship of two of the three
family groups, larval lake sturgeon were collected from the Sturgeon River spawning ground and reared
in the Ontonagon streamside rearing facility by the USFWS until time of release. At the time of release,
all lake sturgeon were fitted with a PIT tag for identification and a fin clip collected from the pectoral fin
of both the hatchery produced (n = 84) and wild caught hatchery raised larvae (n = 675).
Laboratory Techniques
DNA was extracted from lake sturgeon fin clips following the Promega Wizard SV 96 Genomic
DNA Purification System (Promega Corporation, Madison, Wisconsin) per the manufacturer’s
instructions. Fin clip samples were eluted in 200-250μl of nuclease free water. Samples were quantified
using a NanoDrop 8000 Spectrophotometer (Thermo Scientific, Waltham MA) and diluted to 10ng/μl.
Twelve microsatellite loci (King et al., 2001; May et al., 1997; McQuown et al., 2002; Welsh et al., 2003)
were amplified in 3 multiplex groups using the Qiagen Multiplex Polymerase Chain Reaction (PCR) kit
(Multiplex 1: Afu68, Afu68b, Spl120, AfuG56; Multiplex 2: AfuG195, AfuG9, Aox27, AfuG74; Multiplex 3:
AfuG160, AfuG63, AfuG204, AfuG112). Each 10µL Multiplex PCR reaction included 1x QIAGEN Multiplex
PCR Master Mix, 0.2µM of each fluorescently labeled forward primer (0.4µM for AfuG195, AfuG9, and
AfuG112), 0.2µM of each reverse primer (0.4µM for AfuG195, AfuG9, and AfuG112), and 20ng of
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extracted template DNA (40ng for Multiplex 2). Thermal cycling protocol for Multiplex 1 has an initial
denaturation of 95ºC for 15 min followed by 20 cycles of 94ºC (30s), 70ºC (40s) with a 0.5ºC decrease per
cycle, followed by 20 cycles of 94ºC (30s), 60ºC (40s) with an increase of 1 second per cycle, followed by
a final 10ºC hold. Multiplex 2 has an initial denaturation of 95ºC for 15 min, followed by 35 cycles of 95ºC
(45s), 54ºC (45s), 72ºC (45s), followed by a final extension of 72ºC for 10min and a 10ºC hold (Estep et al.,
2020). Multiplex 3 has an initial denaturation at 95ºC for 15min, followed by 30 cycles of 94ºC (30s), 57ºC
(90s), 72ºC (60s), followed by a final extension of 60ºC for 30min and a 10ºC hold.
Samples were then sent to the WVU Genomics Core Facility (CTSI Grant #U54 GM104942) for
fragment analysis using a LIZ600 size standard. Allele peaks were identified and manually confirmed
using GeneMarkerTM Genotyping Software by SoftGenetics.
Sex Determination
In order to perform the parentage analysis of the wild caught larvae, the sex of the two
unknown adults sampled at the Sturgeon River needed to be identified. The following sex identification
protocol was modified from Kuhl et al. (2020) and Scribner and Kanefsky (2021). Each 25L PCR reaction
included 15.3 L water, 2.5X GoTaq Buffer, 5.2nmol dNTPs, 12.5nmol of each AllWSex2 Primer F and R,
0.5U GoTaq, and 40ng DNA. Thermal cycling protocol had an initial denaturation at 95°C for 2 min,
followed by 35 cycles of 95°C for 1min, 56°C for 45s, 72°C for 45s with a final extension of 72°C for 5min
and a 12°C hold. The PCR product was then run on a 1.5% agarose gel alongside a 100bp ladder stained
using ethidium bromide. Female lake sturgeon samples amplified a fragment around 100 base pairs long
and male samples had no amplified fragment. The microsatellite locus AfuG56 was included in each
reaction as a positive control, producing a fragment greater than 200 base pairs in length.
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Parentage Analysis
Genotypes of the lake sturgeon propagated within the hatchery were compared to genotypes of the
known mother and five potential fathers to determine paternal representation within the family group.
Paternal analysis was performed using programs CERVUS 3.0.7 (Marshall et al., 1998; Kalinowski et al.,
2007) and COLONY 2.0.6.6 (Wang and Santure, 2009). COLONY uses full-pedigree likelihood methods to
determine sibship and parentage of sampled individuals (Jones and Wang, 2010). COLONY analysis
parameters were verified by simulating offspring genotypes using the same full likelihood method, male
monogamy/female polygamy mating system, medium likelihood precision, genotyping error rate of
0.0001, and no sibship prior with 1 mother and 5 potential fathers at 100% sampling probability.
CERVUS analysis included genotyping error rates in likelihood equations to increase the probability of
successful assignment and decrease the chance of father-offspring mismatches (Kalinowski et al., 2007).
Corroboration of paternal results were used to successfully assign parentage of the offspring by
comparing relaxed (80%) and strict (95%) assignment, LOD scores, and assignment probability of the
potential parent pairs.
Parentage analysis was also conducted on the lake sturgeon larvae collected from the Sturgeon
River. The 39 adults sampled at the Sturgeon River spawning grounds were all potential parents of the
spawned larvae including the adult lake sturgeon gametes were collected from for streamside rearing .
Parentage analysis was performed to determine the most likely parent of each sampled offspring.
CERVUS simulation analysis was used to determine the appropriate sampling rate of parents at 0.6
based on the resulting assignment rate, and accuracy of assignment to assign potential parents as true
parent pair sampled, one true parent sampled, or neither true parent sampled. Parentage simulations
were also run in COLONY with varying priors (simulation length, accuracy, sibship prior) and potential
parents (5 females and 34 males) with a sampling rate of 0.6. Regardless of parameters used, there was
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low accuracy of assignment during the simulation and COLONY was not used for parentage assignment
of the wild caught larvae (Supplementary Table 3.1).
Estimation of Number of Breeders (Nb)
Number of breeders (Nb) was estimated for the hatchery propagated and collected larvae using
COLONY full likelihood method using the same analysis parameters for hatchery produced and wild
caught offspring outlined in the parentage analysis section. Accuracy of N b estimation was confirmed
using COLONY simulations of the mating matrix.
Results
Sex Determination
The two lake sturgeon sampled at the Sturgeon River during the spawning run were identified as
males after an inconclusive attempted field identification.
Hatchery Produced Offspring
Corroborating genetic analysis of the hatchery produced stocked offspring (n=84) identified
offspring of the two surviving family groups; 83 offspring were assigned to family group 1 with high
relative survival and one offspring to family 2 with low survival. Additional paternity analysis of the
offspring assigned to family group 1 determined that reproductive success of each male was significantly
different (χ2=50.05; p = 4.7x10-9; df = 4) and over half of the propagated lake sturgeon were sired by 2 of
the 5 males (Table 3.1). However, all fathers were represented in the stocked offspring. The estimated
number of breeders was calculated to be Nb = 3 (95% CI: 2-12), with the true value of the total number
of parents represented within the confidence intervals.
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Collected Larvae
A total of 675 naturally produced wild caught larvae were stocked in 2018. Maternity was
assigned to 147 of the offspring with a strict assignment of 95% and relaxed assignment of 80%; all 5
adult females sampled at the spawning ground were represented in the collected offspring. Paternity
was assigned to 105 of the collected larvae and included parentage from 33 of the 34 males sampled.
Reproductive success of each male sampled at the Sturgeon River spawning grounds was not
significantly different (χ2=30.51; p = 0.59; df = 33). Of the three females used for hatchery propagation,
female one with multiple surviving offspring produced in the hatchery, had an additional 27 offspring,
female 2 with one surviving offspring from the hatchery had 26 naturally produced offspring, and female
3 had 39 offspring. Females 4 and 5 caught at the Sturgeon River had 49 and 6 offspring, respectively. Of
the paternal assignments, the average number of assigned offspring was 3 offspring/male with the
maximum number of 8 offspring to one father. Of the 3 females and 15 males that gametes were
collected from at the spawning ground in May, all except one male had offspring identified in the
collected wild caught larvae portion of the stocked cohort. In total, the 5 males from family 1 of the
hatchery produced an additional 13 offspring, family 2 had an additional 20 offspring from 4 of the 5
males, and five males from family 3 produced an additional 13 offspring collected from the Sturgeon
River. The estimated Nb of the naturally produced collected larvae is 336 (95% CI: 285-399). To compare
the estimated Nb values, the Nb of the wild caught larvae was scaled as a ratio to the number of
offspring. Using this method, the Nb of wild caught larvae at a sample size of 83 would be approximately
41, much higher than the hatchery produced offspring Nb = 3 (95% CI: 2-12). Overall, the 2018 cohort
had an estimated Nb of 154 (95% CI: 123-193). This genetic diversity is predominantly due to the wild
caught larvae but decreased in value due to the large family sizes of the shared parentage between the
wild caught and hatchery produced lake sturgeon.
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Discussion
Our study identified a clear difference in paternal reproductive success between naturally-produced
lake sturgeon and lake sturgeon produced in a hatchery from a partial factorial mating design. The
difference in the number of offspring per male between the two hatchery collection methods has
multiple consequences for the effective population size of the entire cohort and resulting Ontonagon
River population. The low calculated Nb of the hatchery produced offspring indicates the two males that
produced the most offspring are overrepresented in the cohort. This deviation from the expected level
of genetic diversity can lead to reduced adaptive potential and harm the stocked population long term,
especially if this trend is repeated over multiple stocked cohorts. Additional measures may be necessary
to prevent an overabundance of full- and half-siblings present that the partial factorial method was
designed to prevent and correct for the Ryman-Laikre Effect. It may be necessary to raise the offspring
of each parent pair separately to ensure equal survival to reduce the variation in family sizes at the time
of stocking.
These results match the >22% decrease in Nb observed in coho salmon caused by multiple factors
that lead to unequal paternal representation including but not limited to selection pressure, disease
outbreaks, and varying conditions (Moyer et al., 2011). Hatcheries can even artificially increase the
survival rate of vulnerable life stages beyond what is expected within the natural environment, further
increasing the number of surviving individuals and the relatedness of the cohort (Crossman et al., 2011).
Additional familial relationships were identified between larvae produced in the hatchery and the
collected naturally-produced larvae. The wild caught offspring sampled did share parents with the
hatchery offspring, but all offspring were produced by different male-female pairs than the hatchery
produced offspring. These additional matings only further increase the relatedness of the Ontonagon
2018 cohort. This phenomenon has been observed in past gamete collections; over 3 years, 92-100% of
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female lake sturgeon and 61-89% of male lake sturgeon from which gametes were collected also
reproduced naturally at the spawning grounds (Crossman et al., 2011). The presence of these familial
relationships between the wild caught and hatchery produced larvae highlights the importance of only
collecting what is needed to ensure adequate numbers of naturally produced larvae (Welsh et al., 2010).
Multi-year studies have demonstrated that offspring produced from gamete collections have a
lower estimated Nb than naturally produced offspring due to the decrease in number of parental crosses
(Crossman et al., 2011). While there is a skewed sex ratio of adult lake sturgeon at the spawning
grounds, the naturally-produced larvae account for a larger pool of breeders due to the polygamous
broadcast spawning nature of lake sturgeon. This strategy increases the number of male-female pairings
beyond the partial factorial hatchery setup (Bruch and Binkowski, 2002; Crossman et al., 2011). By
increasing the number of the breeders, the genetic diversity within the offspring increases dramatically
with each allele combination.
Genetic diversity is important to build a robust population. As observed in steelhead (Oncoryhnchus
mykiss), the reproductive success of hatchery fish can be dependent on an individual’s success within
the artificial hatchery setting, which has stochastic selection intensities (Thompson et al., 2018). First
generation hatchery individuals that are well suited to the hatchery environment may have reduced
fitness upon release and decreased reproductive success (Thompson et al., 2018). If this same model
were to apply to lake sturgeon, we would be actively selecting against the survival of the most fit
individuals while raising the larvae in the hatchery as the adaptive trade-off between the two
environments is such a strong dichotomy. While steelhead may be an extreme example of selection
pressures, this highlights the importance of genetic diversity within a cohort to have a wide variety of fit
individuals to hopefully survive and reproduce as is the goal of the stocking project. Streamside rearing
is a crucial step in the right direction to stocking fish with similar selection pressures as the natural
environment.
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Ultimately a population should have a minimum final effective population size of 500 to ensure
long term adaptive potential and adequate genetic diversity (Lande, 1988; Welsh et al., 2010). This
objective for stocking projects, including the Ontonagon River project, is to ensure the population will
continue to thrive to the point the population is self-sustaining (Hay-Chmielewski and Whelan, 1997).
Over time, sampling of the Ontonagon River population should observe the population increasing in
abundance to more than 750 individuals to decrease the risk of extinction and maximize long term
success of the stocking project (Welsh et al., 2010; Hayes and Caroffino, 2012). The 2018 cohort is only
one part of the long-term stocking project for the Ontonagon River lake sturgeon restoration project
and with additional cohorts, the genetic diversity and the effective population size of the Ontonagon
lake sturgeon will likely continue to improve.
Management Recommendations
The Ontonagon River stocking project should continue stocking lake sturgeon for a successful
reintroduction. Managers should consider extending the timeline of stocking to meet population Ne
goals by increasing the number of cohorts stocked. Steps should also be taken to equalize the number of
offspring stocked from each parental cross to reduce the Ryman-Laikre effect. Offspring from each
male–female cross should be reared separately if possible to ensure an equal number of offspring from
each pairing are released to standardize family sizes. Naturally-produced larvae do have a high level of
genetic diversity that would be beneficial to the stocked population, however natural variation in
spawning conditions can lead to years with low survivorship and no offspring to collect for stocking.
Gamete collections can ensure there are lake sturgeon to stock each year and can be supplemented
with naturally produced offspring dependent on each year’s success.
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Table
Table 3.1. Paternal assignments of hatchery propagated lake sturgeon (n = 83) reared in 2018 for the
Ontonagon River stocking project from family group 1.
Number of
Male ID Offspring
1
34
2
7
3
3
4
28
5
11
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Figure

Figure 3.1. Map of the Ontonagon and Sturgeon Rivers located on the southern shore of Lake Superior.
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Supplementary Table
Table 3.1. Summary of CERVUS 3.0.7 simulation of parentage-pair analysis, sexes unknown. Parameters:
number of offspring: 759, number of candidate parents: 33, proportion of loci typed: 1.00, proportion of
loci mistyped: 0.001.
Strict (95%) and Relaxed (80%)
Assignment
Proportion of
Parents
Sampled

1
0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0.0000001

Assignment Rate
(%)

92
75
54
44
51
32
20
35
22
16
17
15
11
2
4
4
1
1
1
0
0

95
86
79
72
63
54
53
45
36
30
29
26
18
12
9
7
4
2
1
0
0

Most Likely Parent Assignment Type
True
Parent
Pair

Critical LOD

7.25
8.77
9.95
10.81
9.45
11
12.63
9.46
10.54
10.94
10.33
10.66
11
14.25
12.09
11.25
13.75
12
7.75
999
999

-999
-999
-999
-999
-999
-999
-999
-999
-999
-999
-999
-999
6.5
7.28
7
7.5
7
-999
-999
999
999
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95
93
90
91
92
89
86
88
89
84
86
84
78
77
76
76
69
83
80
33
0

Non-Parent Pair
(True Parent
Pair Sampled)

5
6
7
4
2
4
5
3
2
4
1
1
3
0
3
8
0
0
0
0
0

Non-Parent
Pair (True
Parent Pair
Sampled)

0
2
4
5
5
6
8
9
9
12
12
14
18
22
17
13
28
17
10
67
0

Non-Parent
(Neither True
Parent
Sampled)

0
0
0
0
0
0
1
0
0
0
1
1
1
1
4
3
3
0
10
0
0
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